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Branching morphogenesis is essential for the formation of salivary glands, kidneys, lungs, and many other organs during development, but the mechanisms underlying this process are not adequately understood. Microarray and other gene expression methods have been powerful approaches for identifying candidate genes that potentially regulate branching morphogenesis. However, functional validation of the proposed roles for these genes has been severely hampered by the absence of efficient techniques to genetically manipulate cells within embryonic organs. Using ex vivo cultured embryonic mouse submandibular glands (SMGs) as models to study branching morphogenesis, we have identified new vectors for viral gene transfer with high efficiency and cell-type specificity to developing SMGs. We screened adenovirus, lentivirus, and 11 types of adeno-associated viruses (AAV) for their ability to transduce embryonic day 12 or 13 SMGs. We identified two AAV types, AAV2 and bovine AAV (BAAV), that are selective in targeting expression differentially to SMG epithelial and mesenchymal cell populations, respectively. Transduction of SMG epithelia with self-complementary (sc) AAV2 expressing fibroblast growth factor 7 (Fgf7) supported gland survival and enhanced SMG branching morphogenesis. Our findings represent, to our knowledge, the first successful selective gene targeting to epithelial vs. mesenchymal cells in an organ undergoing branching morphogenesis.
KEY WOrDs: AAV, embryonic, gene transfer, organogenesis, salivary glands, transduction. IntrODuctIOn t he oral cavity requires a continuous supply of saliva from the salivary glands to maintain oral health. When this function is missing and xerostomia occurs as a result of Sjögren's disease, surgery, or irradiation to treat oral cancer, the patients' quality of life decreases dramatically. An understanding of the biological mechanisms underlying embryonic development of salivary glands not only may advance our understanding of developmental biology but also could provide novel approaches to restore function. This restoration could potentially be achieved through tissue engineering to regenerate salivary glands or to develop an artificial salivary gland (Baum and Tran, 2006) .
Mammalian salivary glands are generated during embryonic development by the process of branching morphogenesis. The gland starts as a simple spherical epithelial structure attached to a single epithelial stalk and is surrounded by a condensed mesenchyme at embryonic day 12 (E12). The salivary epithelium then continuously remodels itself through repetitive rounds of cleft and bud formation, as well as bud/duct elongation, to generate a highly branched structure (Patel et al., 2006; Tucker, 2007; Hsu and Yamada, 2010; Harunaga et al., 2011) . During branching morphogenesis, dynamic interactions occur within, as well as between, the salivary epithelium and the mesenchyme (two major cell populations found in the early stage gland). Branching morphogenesis also creates other branched organs, such as lungs, kidneys, and mammary glands (Affolter et al., 2009; Andrew and Ewald, 2010; Costantini and Kopan, 2010; Morrisey and Hogan, 2010) . Multiple complex regulatory mechanisms regulate the molecular and morphological processes responsible for branching morphogenesis.
The mouse salivary gland, and particularly the submandibular gland (SMG), has been used extensively as a research model to study branching morphogenesis, since it effectively recapitulates this process in 3D ex vivo organ culture. Recent research in this area has identified a variety of candidate regulatory and effector molecules, as well as potential signaling pathways that may play a key role in regulating SMG embryonic development (Melnick et al., 2009; Larsen et al., 2010; Harunaga et al., 2011) . Many more candidate genes will likely be identified through the Salivary Gland Molecular Anatomy Project database (SGMAP at http://sgmap.nidcr.nih.gov/; Musselmann et al., 2011) and through other approaches. A major obstacle in direct testing of the functions of these candidates is currently the absence of effective and efficient experimental methods for genetic manipulation of cells within developing salivary glands. Attempts at adenoviral transduction and non-viral transfection of embryonic whole SMG cultures have been conducted multiple times by several investigators with little success, except for labeling a few individual cells for cell migration studies (Larsen et al., 2006 ; J.C. Hsu and M.P. Hoffman, unpublished observations).
Viral Gene transfer to Developing Mouse salivary Glands
In this study, we set out to find new vector(s) for viral gene transfer with high efficiency to specific regions of developing SMGs. We searched for a viral vector that could specifically target gene expression to a distinct region of embryonic SMGs with high efficiency. We tested a range of viral vectors, from adenovirus and lentivirus to various types of adeno-associated viruses, or AAVs (see Appendix for details). We demonstrated the biological feasibility of the leading candidate vector for viral gene transfer to embryonic SMGs through proof-of-principle experiments.
MAtErIAls & MEthODs cell culture, recombinant Vector Preparation, and Quantification
HEK293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. The media contained 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/ mL streptomycin. Cells were maintained at 37°C under a 5% CO 2 humidified atmosphere.
All recombinant vectors used in this study (see Appendix for details) encoded enhanced green fluorescent protein (eGFP), which was used as a marker to determine the level of viral gene expression in SMGs. The eGFP detection limit with optimized confocal microscope settings was ≥ 2 μg/ mL. Recombinant AAV vectors were produced by a three-or four-plasmid procedure, as previously described (Di Pasquale et al., 2005;  see Appendix for details).
We prepared recombinant adenovirus by cloning into the pAd CMV shuttle plasmids that contain adenovirus map units 0-1 and 9.2-16, flanking an expression cassette of a CMV promoter driving eGFP. The shuttle and the backbone plasmids were digested and co-transfected into HEK293. The initial viral lysate was amplified in HEK293 cells, and the final viral lysate was purified by two rounds of CsCl gradient ultracentrifugation. Virus particles were dialyzed, diluted to 1×10 12 particles/mL, and then frozen at -80°C. The presence of replication-competent adenovirus was checked by plaque formation on the wild-type permissive cell line A549 for at least 14 days. Lentiviral vectors were purchased from Capital Biosciences (Rockville, MD, USA; Lv105-eGFP, titer 1×10 10 TU/mL).
Ex vivo submandibular Gland Organ culture E12 or E13 SMGs and mesenchyme-free epithelial rudiments were isolated and cultured as previously described (Onodera et al., 2010;  see Appendix for details).
Immunofluorescence Microscopy
SMGs were fixed and stained as previously described (Onodera et al., 2010;  see Appendix for details).
statistical Analyses
Results are reported as mean ± standard error of the mean (SEM). Statistical analysis was performed by two-tailed Student's t test. Differences were considered statistically significant at P < 0.05.
rEsults

Identification of tissue-specific Viral Gene transfer Vectors for cultured Embryonic salivary Glands
We directly compared 13 different viral gene transfer vectors for efficacy and tissue specificity of expression; we assayed eGFP expression after 48 hrs of incubation with E12 and E13 mouse SMGs. As a standard for comparison, we first determined the transduction efficiency of adenovirus serotype 5 (the most commonly used adenovirus) and lentivirus, as determined by eGFP expression detected by fluorescence microscopy. Following 48 hrs of incubation of SMGs with viruses, adenovirus transduced only peripheral mesenchymal cells, without effective transduction of the epithelial cells of SMGs (Fig. 1) . In contrast, SMG transduction by lentivirus was not detectable in either epithelial or mesenchymal cells.
We then compared the efficacy and specificity of 11 different isolates of AAVs in E12 and E13 SMGs. Two AAVs showed effective expression and tissue specificity. AAV2 transduced epithelial cells selectively (Fig. 1) . In contrast, BAAV showed the opposite specificity, almost exclusively targeting mesenchymal cells. In fact, isolated salivary epithelial rudiments devoid of mesenchyme could not be transduced by BAAV (Appendix Fig. 1) . Moreover, only mesenchymal cells were transduced by BAAV, with no evidence for transduction of neuronal or endothelial cells. Neither AAV2 nor BAAV showed evidence of cytotoxicity (Appendix Fig. 2) .
Of the remaining 9 AAVs tested, 4 (AAV1, AAV7, AAV8, and AAVx1) showed no detectable expression of eGFP. In 5 others (AAV4, AAV5, AAV12, AAVx5, and AAVx25), detectable eGFP expression was found only in a limited number of SMG cells (Fig. 1) . We focused on the epithelial-specific AAV2 because of the biological importance of salivary gland epithelial cells in branching morphogenesis and the formation of secretory acini. To determine how our results compare with those from a non-viral approach, we conducted preliminary experiments testing the effectiveness of the Amaxa system to target eGFP expression to E12 SMGs. Our results showed only random labeling of a few salivary gland cells (Appendix Fig. 3) , which is consistent with published findings in adult rat SMGs (Sramkova et al., 2009 ).
Enhancement of AAV2-targeted sMG Epithelial transduction with scAAV2
Since the expression of eGFP after AAV2 transduction was relatively low, we compared the ability of the self-complementary form of AAV2 (scAAV2) to promote gene transfer to SMGs. scAAV2 displayed substantially enhanced eGFP expression in the epithelium of SMG (Fig. 2) . This confirms the epitheliumselective targeting property of the AAV2 virus with enhanced expression using scAAV2, which is modified to express transduced genes more rapidly (McCarty et al., 2001) . The SMG epithelial-selective pattern of transduction by scAAV2 could be enhanced further by co-incubation with tyrphostin 23 (Fig. 2) or epoxomicin (Appendix Fig. 4 ). Both of these drugs have been demonstrated to enhance AAV2-mediated expression by inhibiting viral degradation (Zhong et al., 2007) .
time-course and Dose-response Profiles of scAAV2mediated transduction
Next, we characterized the time-courses of eGFP expression mediated by scAAV2 and BAAV. Following 12 hrs of incubation of SMG with scAAV2, scattered SMG cells throughout the gland began to express eGFP (Fig. 3) . At 24 hrs and reaching a maximum at 48 hrs, scAAV2 transduction selectively increased in the SMG epithelial buds and the duct/stalk, as determined by prominent eGFP expression. In contrast, BAAV exhibited more delayed transduction kinetics, with maximal transduction in the mesenchyme at 72 hrs (Appendix Fig. 5 ). When we determined the dose-response relationship of scAAV2-mediated transduction of SMG epithelial cells, we found that transduction efficiency was approximately linear within a one-log range of virus titers (Fig. 3E ).
Expression of Fgf7 by scAAV2 Permits survival and Increases branching of Isolated Epithelial rudiments
Next, we conducted proof-of-principle experiments to determine whether the scAAV2 vector we had identified as epithelium-selective could produce biologically effective gene transfer. We tested whether epithelial overexpression of fibroblast growth factor 7 (Fgf7) could rescue salivary gland development in the absence of the normal mesenchymal source of Fgfs. The coding sequence of Fgf7 was cloned into the scAAV2 vector. We first tested it for expression by transient transfection into 3T3 cells. Quantitative (q)RT-PCR and antibody staining demonstrated a substantial induction of Fgf7 mRNA transcript expression in transfected cells; the cloned gene was expressed correctly by the plasmid DNA vector, as demonstrated by strong cytoplasmspecific staining with anti-c-myc antibodies, which target the myc tag co-expressed with Fgf7 (Appendix Fig. 6) .
Next, the scAAV2-Fgf7 vectors were packaged into a scAAV2 virus. Following virus packaging and purification, scAAV2-Fgf7 or the control scAAV2-eGFP vectors were incubated with intact SMG, or with isolated E12 SMG epithelial rudiments. As expected, the presence of endogenous growth factors secreted by mesenchymal cells in intact SMGs masked any effects of the Fgf produced by scAAV2-Fgf7 on gland growth or morphology (Appendix Fig. 7) . Using isolated SMG epithelia stripped of mesenchyme, we first tested whether epithelial expression of Fgf7 by viral gene transfer could support survival ex vivo in the complete absence of mesenchyme. Epithelial rudiments cultured with control scAAV2-eGFP vectors and without exogenous growth factors underwent darkening due to necrosis and died within 12 hrs (Fig. 4A) . In contrast, rudiments cultured with Fgf7-producing scAAV2-Fgf7 vectors survived and were morphologically indistinguishable from rudiments cultured with a high dose of exogenously added Fgf7 protein.
In isolated epithelial culture, recombinant Fgf7 stimulates epithelial budding, whereas Fgf10 stimulates ductal morphogenesis, and the combination of both results in increased budding (Steinberg et al., 2005) . When control scAAV2-eGFPtransduced epithelial rudiments were cultured with Fgf10, the virus did not affect Fgf10-mediated morphogenesis (Fig. 4B) . In contrast, epithelial rudiments transduced with scAAV2-Fgf7 had an increased number of epithelial buds (Figs. 4B, 4C) , and appeared similar to epithelia cultured with both recombinant Fgf7 and Fgf10 (Steinberg et al., 2005) . Thus, our experiments demonstrate that scAAV2-mediated overexpression of Fgf7 in the epithelium allows the epithelium to survive in the absence of exogenous growth factors, and it stimulates morphogenesis in a manner similar to that of the exogenous recombinant protein.
DIscussIOn
The goal of this study was to develop novel tools to efficiently target gene expression to specific regions of early-stage embryonic SMGs. Because of difficulties transfecting embryonic SMGs, we turned to viral approaches for gene transfer. Contrary to previous findings regarding adult tissues, which have demonstrated the success of lentivirus or adenovirus in transducing adult mouse SMGs following direct cannulation of the glands (Shai et al., 2002) , we found that when these viruses were cultured ex vivo with E12 or E13 SMGs, neither virus was able to transduce detectable eGFP gene expression in the SMG epithelium. The limited transduction of the adenovirus is due to the (outer) mesenchymal cell layer serving as a physical barrier to virus penetration, since direct epithelial contact with the adenovirus results in epithelial adenoviral transduction (Larsen et al., 2006; Onodera et al., 2010) .
We identified two AAVs, BAAV and AAV2, that efficiently target gene expression to embryonic SMG mesenchyme and epithelium, respectively. These differences were not due to an inability of BAAV to penetrate through mesenchyme to the epithelium, because isolated epithelia without mesenchyme could not be transduced by BAAV. The difference in the tropism/cell type selectivity between these two vectors is likely due to the different cellular factors or receptors each vector requires for transduction. BAAV uses gangliosides as a receptor and gp96 for transcytosis activity (Schmidt and Chiorini, 2006; Di Pasquale et al., 2010) . In contrast, AAV2 transduction requires heparan sulfate proteoglycan (Summerford and Samulski, 1998) . Additional proteins, including fibroblast growth factor receptor 1, αvβ5 integrin, and hepatocyte growth factor receptor, are involved in AAV2 transduction as well (Mizukami et al., 1996; Qing et al., 1999; Summerford et al., 1999; Kashiwakura et al., 2005) .
We focused on characterizing the epithelial targeting by AAV2, since genetic manipulation of SMG epithelium will be a useful research tool to study branching morphogenesis, as well as other processes involved in the repetitive formation of clefts, ducts, and end buds (Patel et al., 2006; Tucker, 2007; Hsu and Yamada, 2010; Harunaga et al., 2011) . Since the salivary epithelial expression of eGFP following AAV2 transduction was relatively low, we generated the self-complementary form of AAV2 (scAAV2), which circumvents the ratelimiting requirement for complementary-strand synthesis (McCarty et al., 2001) . The resulting higher levels of scAAV2-mediated eGFP expression in SMG epithelium mirror those described in in vitro cell culture systems (Zhong et al., 2007) . One drawback of scAAV2 is that it can transduce only genes smaller than 2 Kb, so gene transfer of larger-sized genes may require different approaches. Figure 4 . scAAV2-Fgf7-mediated expression of Fgf7 supports survival and promotes branching of SMG epithelial rudiments. SMG epithelial rudiments were cultured in the presence or absence of growth factors and the scAAV2 vector. (A) Rudiments cultured in the presence of scAAV2-eGFP (control vector) without growth factors died within 12 hrs, similar to controls with no growth factors. In contrast, rudiments cultured with an Fgf7-producing vector (scAAV2-Fgf7) survived equally as well as rudiments treated with a high dose of exogenous Fgf7 (200 ng/ mL). (b) Rudiments cultured in the presence of both exogenously added Fgf10 (500 ng/mL) to maintain gland survival and scAAV2-eGFP (control vector) displayed a growth pattern similar to that seen with Fgf10 alone. In contrast, rudiments cultured in the presence of both exogenously added Fgf10 and the Fgf7-producing scAAV2-Fgf7 displayed an increased number of epithelial buds and a lack of bud elongation, which are characteristics of glands cultured with exogenous Fgf7. The numbers of new epithelial buds that formed between 4 hrs and 24 hrs in scAAV2-eGFP-and scAAV2-Fgf7-transduced glands were statistically analyzed and compared. (c) The numbers of buds at each time-point were also enumerated and compared. scAAV2-eGFP (empty circles), scAAV2-Fgf7 (filled circles). **P < 0.01, n = 3. Scale bar, 100 μm. Error bars represent standard error of the mean (SEM).
